Environmental contaminants are suspected to be involved in the epidemic incidence of 22 metabolic disorders, food ingestion being a primarily route of exposure. We hypothesized that 23 life-long consumption of a high-fat diet that contains low-doses of pollutants will aggravate 24 metabolic disorders induced by obesity itself. Mice were challenged from preconception 25 throughout life with a high-fat diet containing pollutants commonly present in food (2,3,7,(8)(9) (10) (11)(12)(13)(14)(15)(16)(17)(18)(19)(20)(21)(22)(23)(24)(25)(26) tetrachlorodibenzo-p-dioxin, polychlorinated-biphenyl-153, diethylhexyl-phthalate and 27 bisphenol-A), added at low doses, in the Tolerable Daily Intake range. We measured several 28 blood parameters, glucose and insulin tolerance, hepatic lipid accumulation and gene 29 expression in adult mice. Pollutant-exposed mice exhibited significant sex-dependent 30 metabolic disorders in the absence of toxicity and weight gain. In males, pollutants increased 31 the expression of hepatic genes (from 36 to 88%) encoding proteins related to cholesterol 32 biosynthesis and decreased (40%) hepatic total cholesterol levels. In females, there was a 33 marked deterioration of glucose tolerance which, may be related to the 2-fold induction of 34 estrogen-sulfotransferase and reduced expression of estrogen receptor α (25%) and estrogen 35 target genes (>34%). Because of the very low doses of pollutants used in the mixture, these 36 findings may have strong implications in terms of understanding the potential role of 37 environmental contaminants in food in the development of metabolic diseases. 38 39
INTRODUCTION 42
Obesity is a significant health problem because of its association with increased risks for 43 metabolic disorders including type 2 diabetes, and the current prevalence of these chronic 44 diseases has reached epidemic proportions worldwide (1). Apart from genetic alterations and 45 behavior linked to excessive food intake and low physical activity, which do not explain the 46 magnitude of the disease or its kinetics, environmental pollutants have emerged as new 47
"actors" for their suspected endocrine and metabolic disruption activity (2). This assumption 48 was based on epidemiological studies, which associated the prevalence of type 2 diabetes with 49 elevated body burdens of chemicals (3-6), and experimental studies in rodents, which 50 established a causal relationship between exposure to chemicals and obesity-related metabolic 51 dysfunction such as insulin resistance (7, 8) . Based on their resistance to biodegradation, 52 pollutants are classified as persistent organic pollutants (POPs) or short-lived pollutants. POPs 53 are chemicals created by industrial activities either intentionally [polychlorinated biphenyls, 54 (PCBs)] or as by-products (dioxins). They are lipophilic and accumulate higher up the food 55 chain through processes of bioaccumulation, being present in virtually all categories of foods 56 especially in fatty foods (9). Bisphenol A (BPA) and phthalates are short-lived chemicals, but 57 because of their massive production in the manufacture of plastic goods, as well as epoxy 58 resins for BPA, they are omnipresent and can leach from food and beverage containers and 59 packaging to cause contamination (10, 11) . Consequently, exposure in the general population 60 is characterized by life-time exposure to a complex mixture of various chemical agents, the 61 resulting effects of which could not be predicted from the effects of individual pollutant (12) . 62
In addition, pollutants can transfer from mother to fetus through the placenta during 63 pregnancy and through breast feeding (13) . 64 using an Econo-Cap EC-5 capillary column with helium as the carrier gas and quantified 140 using stigmasterol as the internal standard. CEs were transmethylated by heating at 100°C for 141 90 min in methanol containing 5% H 2 SO 4 . The resulting fatty acid (FA) methyl esters were 142 analyzed by gas chromatography, and the percentage and mass of each FA were calculated 143 using the internal standard (pentadecanoic acid methyl ester) as described previously (27) . 144 145
Quantitative RT-PCR 146
Total RNA was extracted from the frozen liver tissue samples. RNA was analysed by real-147 time PCR exactly as described previously (28) in the presence of specific primer pairs 148 (Supplemental Table 2 ) with data normalized relative to β-glucuronidase mRNA expression 149
levels. 150 151

Western-Blotting analysis 152
Proteins (10µg) prepared from mouse liver were separated by SDS-10% polyacrylamide gel 153 electrophoresis and transferred to a polyvinylidene difluoride membrane. Immunoblotting was 154 performed using rabbit polyclonal antibodies directed against estrogen receptor (ER) α (sc-155 542; Santa-Cruz Biotechnology, CliniSciences, Nanterre, France), estrogen sulfotransferase 156 (EST; sc-292049; Santa-Cruz Biotechnology) or mouse monoclonal antibodies directed 157 against α-tubulin (sc-5286 from Santa-Cruz Biotechnology). After incubation with either anti-158 rabbit or anti-mouse IgG Horseradish peroxidase (HRP) conjugate (BioRad, Coquette, France), blots were revealed using Luminata Classico Western HRP substrate 160 (Millipore, Molsheim, France), detected using the ChemiDoc TM XRS+ Imaging system 161 (BioRad), and analyzed with Image Lab software (BioRad). EST and ERα data were 162 normalized relatively to α-tubulin. 163
164
Statistics 165
All statistical analyses were performed using 1-way ANOVA, followed by post hoc testing 166 with Fisher's protected least square difference test. Results are expressed as means ± SE, and 167 differences were considered significant at values of P < 0.05 using the Ob group as reference. 168
169
RESULTS
170
Determination of the pollutant dosage resulting in no or little toxicity in offspring 171 F0 females fed the HFSD were heavier than standard chow-fed females, and their pups were 172 also heavier than pups from standard chow-fed dams (Table 2) . Consistent with pollutant 173 contamination, the activating drug-metabolizing enzymes cytochrome P450 (CYP) 1A1 and 174 CYP4A14 showed enhanced hepatic gene expression in dams exposed to the 2 highest doses 175 of the mixtures tested (referred to as M1 and M10 in Table 2 ). The TDI∆ mixture dosage did 176 not affect the body weight of F0 females at mating (Table 2) . It also did not affect glucose 177 tolerance of F0 females according to GTTs performed either before mating (5 wk of diet) or at 178 1 wk post weaning (12 wk of diet; data not shown). Glycemia measured in F0 females 179 exposed to pollutants (either dosage) was in the normal range, and the sex ratio was normal 180 among litters. However, depending on the mixture dosage, litter size, pup survival, and weight 181 at 10 d were found to be altered (Table 2) . We therefore studied the metabolic phenotype of 182 the F1 progeny exposed to the TDI∆ mixture dosage because of no apparent toxicity that 183 could result in nonspecific metabolic effects. 184 185 Pollutant-induced metabolic alterations in adult offspring are sex-dependent 186
With the HFSD, the onset of obesity was gradual ( Fig. 1 ) and 12-wk-old mice were obese 187 with high levels of blood glucose and enhanced levels of plasma insulin, leptin, and 188 cholesterol but no change in plasma TGs (Table 3) . Metabolic profiles were completed with 189
GTTs and ISTs consistently showing that obese mice were less glucose tolerant than lean 190 mice and that obese males (but not females) were less sensitive to insulin than lean males 191 (Fig. 1) . Pollutants did not affect the plasma parameters studied (Table 3) , body weight (Fig.  192 1), and daily food intake or energy expenditure (data not shown). Examination of liver slices 193 indicated no gross modifications in Oil Red O staining between samples recovered from mice 194 fed the HFSD and the HFSD plus pollutants within each sex (Supplemental Fig. 2 ). In 195 pollutant-exposed females but not males, there was a marked deterioration of glucose 196 tolerance, with a significant increase (25%, P= 0.002) of the area under curve (AUC) during 197
GTTs without an indication of extra-hepatic insulin resistance assessed by ISTs (Fig. 1) . 198
These data indicated that lifelong consumption of a TDI∆ dose of pollutants added to the 199 HFSD further aggravated glucose metabolic disorders of obese 12-wk-old female but not 200 male mice. Because liver is the major site of detoxification, we focused hereafter on this 201 organ. Furthermore, drug disposition is known to be altered in fatty liver (29) respectively; and Nr1c1 encoding peroxisome proliferator-activated receptor α (PPARα). We 211 showed sex-dimorphic expression of these genes with globally higher levels in chow-fed 212 females than in males. LXRs, CAR, PPARα, and PXR (in males only) showed significant 213 (P<0.05) enhanced gene expression levels in the HFSD-fed mice ( Fig. 2A) . In males but not 214 in females, AHR, PPARα, and LXRα mRNA expression levels were significantly up-215 regulated in the presence of pollutants by 160% (P=0.007), 60% (P=0.005), and 36% 216 (P=0.036), respectively ( Fig. 2A) with globally higher expression in females than in males in chow-fed conditions, and most 233 genes had their expression levels altered with diet depending on sex (Fig. 2B-C) . In pollutant-234 exposed males, no modification was observed in the expression level of SrebF1, Fasn, Dgat1, 235 and Dgat2. However, Cd36, a target of LXRα, PPARα, and AHR (33) had its expression 236 levels enhanced by 86% (P=0.047); Acaca expression levels were also enhanced (+46%, 237 P=0.01; Fig. 2B) . Notably, several genes related to cholesterol metabolism had their 238 expression levels significantly increased on pollutant exposure (Fig. 2C) Fig 2B) . Finally, 246 expression of genes involved in glucose metabolism (glucose-6-phosphatase and 247 hosphoenolpyruvate carboxykinase) or encoding inflammatory markers (tumor necrosis 248 factor α and interleukin 6) remained unaltered by the mixture of pollutants in either sex (data 249 not shown). 250 251 Sex-related differences in hepatic lipid content of pollutant exposed animals 252
To evaluate the consequences of modified expression of genes related to cholesterol 253 metabolism, we quantified the hepatic concentrations of FC and CEs. We observed a decrease 254 in the hepatic FC level and a trend for CEs, resulting in a significant decrease in total 255 cholesterol levels by 40% (P=0.02) in F1-ObTDI∆ male mice (Fig. 3A) . In females, total 256 cholesterol levels were not affected despite a significant reduction in hepatic CEs levels (Fig. 257 3B) . Hepatic TG accumulation (greater in the HFSD-fed than in standard chow-fed mice) was 258 not affected by pollutants in either sex (Fig. 3C) , and there were no marked changes in liver 259 weight (not shown). These data are consistent with the absence of changes in Oil Red O 260 staining between pollutant-exposed and non-exposed animals (Supplemental Fig.. 
S2). 261 262
Estrogen signaling and metabolism are altered in pollutant-exposed females but not in 263 males 264
Because estrogens regulate positively hepatic insulin sensitivity (35) with ERα having a 265 central role in energy homeostasis (36), we hypothesized that the marked alteration of glucose 266 tolerance in pollutant-exposed females may be related to alterations in the estrogen signaling 267 pathway. We therefore surveyed the expression of ERα at both mRNA (Esr1) and protein 268 levels, and found a significant down-regulation of 25% (P=0.007) and 20% (P=0.01), 269 respectively ( Fig. 4A, C) . Effects on Esr1 gene expression were liver specific and were not 270 observed in adipose tissues (not shown). In addition, the expression levels of 2 estrogen-271 regulated genes, selenoprotein P (Sepp1) (37) and insulin-like growth factor (Igf1) (38), were 272 decreased by 51% (P=0.02) and 34% (P=0.03), respectively ( Fig. 4A ). We also measured the 273 expression levels of drug-metabolizing enzymes involved in estrogen metabolism (39). These 274 included NAD(P)H-dehydrogenase quinone 1 (Nqo1), UDP-glucuronyltransferase 1a1 275 (Ugt1a1), and the EST encoded by sulfotransferase family 1E, estrogen-preferring, member 1 276 (Sult1e1), which is the primary enzyme responsible for the inactivation of estrogens (40). In 277 contrast with Nqo1 and Ugt1a1, whose expression levels were down-regulated by 45% 278 (P=0.01) and 33% (P=0.03), respectively, both Sult1e1 mRNA expression and protein levels 279 were significantly up-regulated 150%, P=0.02 and 120%, P=0.02), respectively ( Fig. 4 B-C) , 280 indicating that EST may contribute to reducing hepatic insulin responsiveness in females. 281
Finally, these genes, whose expression levels were significantly higher in female than 282 in male mice fed standard chow, were not altered in pollutant-exposed males except for Esr1 283 encoding ERα, whose expression was up-regulated by 57% (P=0.01) ( Fig. 4A-B) . 284
In the present study, we developed a model allowing exploration of the effects of a 288 mixture of low-doses of food pollutants on metabolic disorders in the progeny of obese adult 289 mice, under conditions of lifelong contamination encompassing maternal exposure (gestation 290 and lactation). Within this model, exposed females but not males exhibited aggravated 291 glucose intolerance. We also found hepatic gene alterations targeting cholesterol biosynthesis 292 in males and estrogen metabolism in females. These events were observed in the absence of 293 weight gain and apparent toxicity. 294
Because the human population is widely exposed to low levels of chemicals, it is necessary to 295 examine the effects of pollutants not only as unique compounds but also in a mixture of 296 persistent and short-lived chemicals activating a broad range of signaling pathways in an 297 attempt to mimic real-world exposure. However, not all combinations could be assessed. 298
Thus, we have chosen a mixture of persistent and nonpersistent food pollutants already 299 described as endocrine disruptors and known to activate different signaling pathways with 300 established links with metabolic diseases in epidemiological and experimental studies (2, 3, 6, 301 13, 16). We therefore dissected the metabolic phenotypes of animals exposed to a very low 302 dose of pollutants (TDI∆), which grossly corresponded to the TDI supposedly "safe dose" for 303 humans. Accordingly, our data constitute a proof-of-concept model addressing the hypothesis 304 of possible cumulative metabolic adverse effects of a pollutant mixture as suggested with 305 reprotoxicity studies (41, 42) . This is especially important considering the doses used in the 306 present study which are ≥ 3 orders of magnitude lower than doses commonly used in 307 toxicological studies with the exception of BPA (2, 19, (43) (44) (45) and relatively close to the 308 doses to which human beings may be exposed to (16, 21, 23, 46) . 309
This study focused on liver because it is the major site of detoxification, and it is 310 known that drug disposition is altered in fatty liver (29). Because metabolic disruption could 311 result from inappropriate activation of transcription factors and nuclear receptors (2, 5), we 312 reasoned that they may be primary targets under conditions of exposure to the HFSD, 313 pollutants orchestrating phenotypic changes through alteration in the expression of 314 downstream genes. Notably, we found a sex-dimorphic metabolic response to the pollutant 315 mixture in an obesity context. Furthermore, most genes shown to be altered by the mixture of 316 pollutants were expressed in a sex-dimorphic manner with higher levels in females than in 317 males under standard chow condition (this last point extends previous data) (47). This finding 318 highlights the necessity for conducting toxicological experiments on the 2 sexes. 319
In males, although pollutants did not alter glucose and insulin metabolic tests or 320 plasma cholesterol levels, several genes were stimulated in liver including LXRα and 321
PPARα and their target genes, HMGCoAR encoding the rate-limiting enzyme in cholesterol 322 synthesis and SREBP2 (31, 32), together with enhanced expression of genes encoding 323 CYP7A1 and ABC transporters (Abca1 and Abcg8). There was also a decrease in hepatic total 324 cholesterol. It is noteworthy that all genes altered converged to cholesterol synthesis and 325 efflux directed toward the bile salt pathway. Therefore, further studies will be needed to 326 distinguish between adverse and adaptive effects in liver, particularly focusing on older 327 animals because deleterious effects may appear later in life. Finally, the meaning of the 328 induced expression of ERα will have to be explored in that scheme. 329
Contrasting with males, females became more glucose intolerant in the presence of 330 pollutants at the TDI∆ dose than the unexposed females with no changes in the expression of 331 genes involved in hepatic glucose production or inflammation. It is known that estrogens 332 protect females from obesity and diabetes, probably acting through ERα in the liver because 333 it is the dominant ER in this organ (48). We therefore postulated that the metabolic alteration 334 could result from the observed down-regulation of Esr1 expression, which would provoke a 335 reduction in estrogen signaling. Indeed, disruption of the estrogen signaling pathway results in 336 metabolic dysregulation and hepatic insulin resistance (36, 49-51). One well-described 337 mechanism is conjugation of a sulfonate group to estrogens by EST, thereby inactivating them 338 and preventing their binding to the ER (40, 52) . Notably, induction of hepatic EST is a 339 common feature of type 2 diabetes (35, 40) , and loss of EST in female but not male mice has 340 recently been shown to improve metabolic function in diabetic mice (40). Because plasma 341 levels of estrogens were not altered, these data prompted us to investigate EST expression. 342
The observation of its enhanced mRNA and protein levels in the liver of female mice was 343 thus consistent with a decreased estrogenic signaling. We can therefore suggest that pollutant-344 related induction of EST may reduce estrogen bioavaibility specifically in the liver, hence 345 down-regulating ERα and the expression of target genes including Igf1 and Sepp1. 346
The sex-dependent action of the mixture of pollutants in liver is probably related to the 347 endocrine disrupting activity of the pollutants, with dioxins having proestrogen and 348 antiestrogen activity, depending on the hormonal context, phthalates generally described as 349 antiandrogens, and BPA and PCBs bearing estrogen-mimetic activities it was shown that intake of a high-fat diet intake could be a trigger initiating the adverse 362 metabolic effects of BPA (18) or PCB 153 (19), it will be relevant in future studies to 363 determine whether similar alterations could be generated with standard-fed animals or if 364 obese populations are particularly sensitive to pollutants. It will also be interesting to explore 365 the adipose tissue even though we did not observe any weight changes in fat pads, at least in 366 males, because it is a storage tissue for pollutants. 367
The protocol we chose did not allow us to discriminate among the different windows 368 of exposure to which animals were the most susceptible, because animals have experienced 369 lifelong exposure. This is an extremely complex issue because it is highly endpoint and 370 pollutant dependent as reported previously (2-4, 56). In addition, it is known from Barker's 371 hypothesis (57) on the developmental origins of health and diseases that the developmental 372 period is a period of high vulnerability, and exposure to pollutants during gestation and 373 lactation may be responsible for an increase in the outcome of metabolic disorders later in life 374 as discussed Barouki et al.(58) . 375
Moreover, males and females probably show different effects because pollutants have 376 been described as endocrine disruptors. To circumvent these differences, we exposed animals 377 life-long to a high fat diet containing a mixture of food pollutants widely distributed in our 378 environment at doses considered to be safe for humans because there were grossly equal to 379 the TDI (and even lower for BPA) and relatively close to the environmental doses to which 380 human beings may be exposed, as mentioned above. With this worst case scenario, we 381 demonstrated for the first time sex-specific metabolic alterations in the absence of general 382 toxicity and body weight gain. 383
However, pollutants in the mixture have not been tested individually, making it 384 difficult to conclude whether the effects of the mixture are additive, synergic, or antagonist. 385
To overcome this problem and avoid excessive animal use in experiments, in vitro 386 experiments will be required. Nonetheless, we here demonstrated the lack of zero effect when 387 using a mixture of very low doses of food pollutants. This study therefore fuels the concept of 388 rethinking the way to address the question of risk assessment used to date, based on NOAELs 389 
